Abstract
Introduction

46
Fish cages, a widely used industrial mariculture technology, typically discharge up to 47 80% of the nitrogen and phosphorus that is supplied in the feed into the environment Sea. These locations have high concentrations of organic matter in the sediment (up 95 to 40%), much of which is labile causing high rates of heterotrophic bacterial activity 96 including sulfate reduction and methane production (Schulz et al., 1999 (Goldhammer et al., 2010) . Both processes represent a shunt of P from its dissolved 106 form into bacterial biofilms, which is subsequently converted into mineral apatite.
107
This study examines the types and location of processes that control nitrate, The zero discharge system (ZDS) in this study was an enlarged version of the 124 system previously described in detail by Gelfand et al. (2003) . Briefly, the system 50 cm (i.e. the water layer overlying the sludge varied in thickness from 30 to 50 cm).
142
As no continuous water exchange is required, the system can be operated away Fig S1) .
165
Core samples of sludge from the DB were taken four times from the same 166 location in the digestion basin (see Fig. 1 ) using a custom-built corer with a rubber 167 diaphragm to seal the bottom. These cores were used for subsequent solid and with the methylene blue method of Cline (1969).
225
Freeze dried sludge samples, feed and fish feces were analyzed for P 226 speciation using the procedure of Aspila et al. (1976) to determine total P and 227 inorganic P (and hence by difference: organic P). In addition, adsorbed P was 228 determined using the first step of the SEDEX P speciation procedure of Ruttenberg
229
(1992) involving extraction by MgCl 2 . Extracted samples were determined for 230 phosphate using the molybdate blue reaction (Golterman et al., 1978) . The standard 231 error (1s) of these analyses was adsorbed P 3% (n =12), inorganic P 8% (n=16) and independently of chain length to a detection limit of 0.5 μM (Diaz and Ingall, 2010) .
243
Typical errors associated with this technique are ± 15% (Diaz and Ingall, 2010) . and O isotopic analysis.
255
The oxygen isotopic composition of aqueous sulfate was determined on 60.1 (SO 4 mM/Na M) in the overlying water to 14.8 (SO 4 mM/Na M) at 2.5 cm depth 309 ( Fig. 2A) . The ratio continued to decrease with depth to a minimum value of 4.3 (SO 4 310 mM/Na M) at 14.5 cm and then increased to 43.9 (SO 4 mM/Na M) at the lowest point 311 sampled (33.5cm). A similar profile was obtained when (total dissolved sulfur minus 312 dissolved sulfide)/Na was plotted with depth ( Fig. 2A) . There was no measurable 313 sulfide in the overlying water; it increased to a maximum of 3.8 mM at 15.5 cm and 314 then decreased to a value of 1.1 mM at 34.5 cm (Fig. 2B) .
315
In order to understand the diagenetic processes in the sludge, the 316 concentration of relevant chemical species and parameters were measured. (Fig. S2D ).
331
The concentration ratios of Ca/Na and Mg/Na were determined to provide 332 information about the possible precipitation of inorganic P minerals in the sludge.
333
The molar ratio in the overlying waters (21.96) was within error the same molar ratio 334 of Ca/Na (mM/M) in normal seawater (Fig. S2B) . The ratio increased just below the In contrast to the sludge, the organic P content of the fish feces (465 μmolesP/g) 353 was higher than its inorganic P content (260 μmolesP/g; Figure 4a ; Table S1 ). The (Table S2) . Other elements, which might bind with P (Fe and Al), were present only 357 in μmoles/g concentrations (Table S2) . ) and again showed no strong depth trend (Table S3 ). Both forms of S in the sludge (Fig. S3B ). There was a shift in the peak position for the apatite phases cores (data not shown but similar to the SO 4 /Na profile (Fig 2A) . However, the 498 sulfate in the pore-water is not inert, as there are large changes in sulfate δ
18
O over 499 this interval in both profiles (Fig. 5) . Rather, sulfide produced must be near- (Fig. 3C) . Thus, it is concluded that in the upper layers of the DB there is 
533
Model results are presented in The digestion basin is a bacterial bioreactor in which the sediment sludge is 555 predominantly a repository of organic rich fish feces from the fish basin. Inputs to the 556 DB are modified subsequently mainly by anaerobic bacterial processes with the 557 major bacterial transformations described above. Despite the high fraction of organic 558 P in the fish feces input most of the particulate P in the DB is not organic P but 559 inorganic P (Fig. 4A , Table S1 ). X-Ray diffraction data indicates that the P 560 accumulating in the DB is a mixture of crystalline apatite and poorly ordered 561 hydroxyapatite (Fig. S3 ). There was no evidence of struvite. The XRD data,
562
however, showed that the fish feed contained large amounts of crystalline apatite fed. The total P measured in the surface sludge was 1,520 μmolesP/g, which is 574 higher in total concentration than either the fish feces (830 μmoles/g) or the fish feed
575
(410 μmoles/g; Table S1 ). It is known that there is significant denitrification and loss assume that all of the change in measured inorganic P was only due to this loss of 583 total mass then the inorganic phase should be 480 μmolesP/g compared with the 584 measured inorganic P (1035 μmolesP/g) and the organic P was calculated to be 850 585 μmolesP/g compared with the measured 480 μmolesP/g of organic P. Thus, in 586 addition to any changes in concentration caused by loss of mass, there also had to 587 be a major and rapid conversion of organic P to inorganic P.
25
The sludge tank is a location of active heterotrophic nitrate and sulfate 589 reduction. There was major accumulation of ammonia and phosphate in the pore 590 waters (Fig. 3) , an increase in pH (Fig. S2D) dolomite but not with respect to anhydrite, gypsum or struvite (Table 3) .
623
Over the same depth interval (0-17 cm) as phosphate decreases by 0.2 mM 624 ( Fig. 3) , dissolved Ca decreases by 6 mM and the Ca/Na ratio decreased from 40 to (Table S2 ) and inorganic carbonate-C increased by a factor of 2 ( simply too many phosphorus-rich granules in the observed field to observe the 637 necessary subtle changes in peak shapes predicted.
638
Our data also shows that in the longer term there was a conversion of organic The ZDS was designed to use natural bacterial processes found in marine systems,
653
particularly in marine sediments, to control water quality conditions over long periods given. There was no sulfide detected in the overlying water. 
